A recoilless gun is a kind of weapon equipment for individual soldier and its back blast flow has certain influence on the shooter during the launch process. In order to study the launch safety of a recoilless gun firing in a finite space of 2.5×2.5×2m, numerical simulation of the back blast flow field was carried out based on the three-dimensional unsteady viscous compressible N-S equations. The result shows that a complex reflected shock wave is formed due to the reflection of the wall behind the nozzle. The reflected shock wave represents reciprocating motion in the finite space and its intensity is much higher than that of the initial shock wave. Critical damage will be imposed on the shooter if no safeguard procedure is adopted. The high temperature gas flow may ignite the inflammable gases in the finite space and cause secondary damage. The research results are significant for understanding the characteristics of the back blast flow of the recoilless gun launching in the finite space, predicting and taking effective action to reduce the damage on the shooter.
Introduction
In the artillery firing process, an unsteady complex muzzle flow field with high temperature, high pressure and high velocity is formed as the projectile is projected out of the muzzle. Furthermore, some damage may occur to the ground operators, the armaments and the surroundings. Shock wave is one of the main damage mechanisms. A large number of experimental studies of the muzzle flow field have been carried out to test the wave system structure, temperature, velocity and pressure of the transient flow field. However, the evolution mechanism of the complex muzzle flow field cannot be described in detail due to the limitations of the experimental methods [1, 2] . Following advances in computer performance and high precision algorithms, numerical studies on the complex muzzle flow field have improved a lot [3, 4] .
The shock wave phenomenon of the recoilless gun is more complex than those of other common guns. The main difference is that there exist two flow fields simultaneously at the muzzle and the breech in the launch process of the recoilless gun, and both of the two shock waves take action on the gun and the surroundings. Besides a cone-shaped combustion gas danger zone with high temperature and high pressure, the overpressure of the shock wave caused by the high velocity gas jet is much higher than other guns, which will cause great influence on the shooter's safety [5] . Nowadays urban warfare has developed as a main form of modern war, and its outstanding feature is that the launch space is finite for most weapons with a barrel.
In order to study the launch safety of a recoilless gun in a finite space, numerical simulation for the back blast flow field is carried out in this paper. Based on the numerical results, the developing characteristics of the back blast flow field are discussed and the damage mechanism of the shock wave on the shooter is analyzed. The research can provide a method and theoretical foundation for taking safeguard procedure to inhibit the shock wave damage.
Computational Model

Model description
The sketch of the recoilless gun launching in finite space is shown in Figure 1 . There is a window at the middle of the wall at one side. In order to simplify the computation, it is hypothesized that the recoilless gun is coaxial with the window, so that a quarter of the computation space is taken. The length (L) and the width (W) of the finite space are both 2.5m, and the height (H) is 2m. Point p1 in the figure is one of the characteristic points representing the shooter's location. 
Governing equations
The back blast flow of the recoilless gun is very complex which is characterized by combustion, chemical reaction, gas-solid phase, viscosity, and high temperature and high pressure. Since the research focuses on the effect of the back blast shock wave, the body force and the chemical reaction are ignored, and the 3D unsteady viscous N-S equations are established as follows: . And ρ is the gas density. u, v and w are the velocity components of the x, y and z directions, respectively. p is the pressure. T is the temperature. k is the thermal conductivity. τ is the tangential stress. E is the total energy and its expression is
where e is the internal energy.
For the ideal gas, the expression of the internal energy is
where Rg is the gas constant and γ is the specific heat ratio of the ideal gas. The state equation of the ideal gas is given by
The initial condition of the equation set (1)~ (4) is the atmospheric condition. The boundary conditions include pressure inlet, pressure outlet, wall and symmetry. The initial location of the nozzle contraction section is defined as the pressure inlet, at which the total pressure and the total temperature profiles are given by the interior ballistic calculation. The window is defined as the pressure outlet and the relevant parameter values are calculated by extrapolation. The ground and all the walls are defined as the solid wall boundary.
A finite volume method (FVM) is adopted for the solution of the equations. A second order Runge-Kutta method is used for the time marching and ASUM format is adopted for the convective terms. Figure 2 and Figure 3 show the time-sequenced contour distributions of the pressure and the mach number of the back blast flow field in the symmetric plane xOz during the launch process of the recoilless gun in the finite space, respectively. It can be clearly seen how the shock wave develops after the recoilless gun launching. The structure of the shock wave can be identified as the main shock wave, the jet boundary and the reflected wave. Before the main shock wave reaches the lateral walls, the flow field structure is the same as in the open space, as shown in Figure 2 (a) and Figure 3(a) . The reflected wave is formed when the main shock wave reaches the lateral walls, as shown in Figure  2 (b) and Figure 3(b) . When the main shock wave reaches the axial wall, the intense and complex reflection wave is formed near the center of the axial wall and both corners, which can be seen in Figure 2 (c) and Figure 3(c) . With the ejecting of the jet flow, the combustion gas compresses and expands repeatedly near the nozzle axis. Whereas, a distinct wave front is formed and spreads from right to left outside the jet core area. As the wave front reaches the window, part of the gas exhausts and the other gas is reflected again, which can be seen in Figure 2 (d)~Figure 2(f) and Figure 3(d)~Figure 3(f) . The gas flow in the finite space will undergo several runs of reflection and discharge until the balance is attained with the external environment. The effect of the gas heat release on the shooter should be also taken into account besides the serious threat caused by the shock wave. The temperature contour distributions of the back blast flow field in the launch process of the recoilless gun in the finite space are shown in Figure 4 . It can be seen that the high temperature zone mainly distributes near the jet boundary before the main shock wave reaches the axial wall. As a result of the obstruction of the axial wall, the high temperature gas flow spreads sideward and the reversed flow occurs which flows against with the main jet. The numerical result shows that the highest temperature of the monitor point p1 reaches nearly 380K. The thermal damage at the monitor point p1 is not fatal for the transient thermal shock. However, the heat effect of the main shock wave on the local area of the axial wall lasts for a long time up to tens of millisecond. The inflammable gases in the finite space may be ignited and then cause a secondary damage on the shooter.
Numerical Result and Analysis
Conclusion
Numerical simulation was carried out for the back blast flow field of a recoilless gun launching in a finite space of 2.5×2.5×2m. According to the numerical results, the development of the complex wave system of the back blast flow field was discussed. During the launch process in a finite space, the overpressure damage of the reflected shock wave due to the reflection of the wall behind the nozzle is critical. Moreover, it is needed to prevent the high temperature shock wave from igniting the inflammable gases and bringing about a secondary damage. The research results are significant for understanding the mechanism of the back blast flow field of the recoilless gun launching in the finite space, and predicting the damage of the shock wave on the shooter. Sufficient safeguard procedures are needed in order to realize the safety launch of the recoilless gun in the finite space. The inhibiting effect of a shock wave shield fixed up behind the shooter will be researched in the future.
